Abstract-Elucidating how local oscillator (LO) pulling affects a wireless direct-conversion transmitter that uses constant envelope modulation is of concern for global system for mobile communication (GSM). Therefore, this paper presents a phase dynamic model for a phase-locked loop (PLL) under directly modulated self-injection to evaluate the degraded phase noise performance of an LO pulled by a feedback modulation signal from the power amplifier output. Additionally, based on theoretical analysis, the proposed model can instruct system designers on how to optimize PLL parameters, as well as introduce an inner self-injection to minimize the impact of pulling effects. The improved performance is verified by implementing a Gaussian minimum-shift keying transmitter for GSM applications. Furthermore, the theoretical and experimental results correlate well with each other.
. Illustration of signal quality degradation owing to the LO pulling effects in a DCT.
output modulation interference, often causing the frequency pulling to corrupt the output spectrum and LO phase noise [1] [2] [3] [4] . Despite various shielding and complex digital processing procedures [5] [6] [7] [8] to increase the isolation between the LO and PA or to reduce the specific interfering signal as much as possible, no general solution is available thus far to eliminate the LO pulling effects in a DCT.
Earlier, Adler [9] and others [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] studied the frequency pulling behavior of a free-running oscillator under injection of an independent sinusoidal signal. Many approaches have been developed recently to forecast the frequency pulling effects on various kinds of oscillators [16] [17] [18] [19] [20] . For instance, Razavi [14] considered a phase-locked oscillator (PLO) under an independent sinusoidal injection. Our previous work [20] provided theoretical and numerical approaches for accurately predicting the output spectra and phase noise variation of a PLO pulled by an independent modulation signal. Despite considerable effort to characterize the frequency pulling effects, however, a priority concern with respect to the LO pulling effects in a DCT is to develop an analytical system model for the LO pulled by an injected modulation signal with a carrier correlated with the LO output.
While investigating the DCT pulling phenomenon in constant envelope modulation systems, this work presents a phase dynamic model for a PLL under directly modulated self-injection. Based on the analytical approaches, we can directly analyze the pulling effects on deteriorating transmission signals and develop the relative solutions. The preliminary publication of this work [21] theoretically analyzed how to estimate the phase noise and error vector magnitude (EVM) degradation under the pulling effects. This paper considerably expands upon the result of [21] by including a detailed method of directly modulated self-injection analysis. In particular, this paper develops a PLL parameter optimization method to minimize the pulling effects. Moreover, an inner self-injection approach is proposed for the first time to improve the pulling effects based on a dual self-injection PLL model.
The remainder of this paper is organized as follows. Section II describes how the pulling effects model is derived in the time and frequency domains. The proposed approach is analyzed in further detail for a DCT under injection pulling. Also, using the purposed model, the PLL parameters are characterized to achieve the optimal resistance to pulling effects. In Section III, we begin by introducing the inner self-injection approach. With the assistance of the frequency-domain dual self-injection PLL model, the operating principles of the proposed approach are also explicitly defined. Additionally, the theoretical calculation and experimental results regarding the phase noise and signal quality improvement are discussed. Section IV then demonstrates the improved results of the proposed approaches. Finally, Section V summarizes and concludes this paper.
II. ANALYSIS APPROACH
This section introduces the phase dynamic model for a directly modulated self-injection PLL, which is the initial step to theoretically analyze the LO pulling effects in a DCT. A constant envelope modulation communication system is considered when the proposed model is used to characterize the deterioration of transmitted signal quality. The experimental results are provided for model validation.
III. LO PULLING EFFECTS MODEL
Based on Adler's analysis [9] and previous approach [20] , the voltage-controlled oscillator (VCO) output signal can be regarded as a vector rotating clockwise with an instantaneous beat frequency with respect to the injection frequency. The instantaneous VCO output frequency related to the instantaneous injection frequency can be expressed as (1) where (2) is the well-known Adler's equation. In (2) , represents the inherent oscillation frequency determined by the tank circuit with a quality factor in a VCO. Additionally, and represent the injection signal and oscillation signal amplitude, respectively. Moreover, denotes the undisturbed beat frequency. Fig. 2 illustrates the simplified model of an oscillator under injection and the relative signal vector representation.
In contrast with Adler's analysis, we proceed with the derivation by initially assuming that the inherent oscillation and injection frequency have an instantaneous variation and , respectively. The undisturbed beat frequency in (2) can be rewritten as (3) where defines the frequency separation between inherent oscillation and injection center frequency. As mentioned earlier, the PLL is disrupted by the PA output modulation signal, which has a center frequency equal to the synthesized frequency, via a parasitic coupling path. Therefore, should be zero for applying in this work. Consider that does not originate from a free-running oscillator, but rather from an LO controlled by a PLL. The PLL mechanism can dynamically correct the oscillation frequency via a tuning voltage , and thus, the instantaneous frequency variation of the VCO can be replaced by , where is the tuning sensitivity of VCO. Assume that the VCO is finally phase locked with a weak injection. The assumptions can be mathematically restated as and . Therefore, the subsequent LO output frequency can be obtained and approximated as (4) where (5) is interpreted as the locking range of a free-running oscillator [5] . In (4) , is equivalent to and is regarded as an equivalent injection-induced source to cause frequency modulation in a PLL. Integrating (4) yields the resulting LO output phase as (6) where represents an initial oscillation phase. Notably, the above equation interprets the resulting LO output phase as a combination of the phase-locking mechanism and the injectionlocking process [20] . A different formulation for the coexistence of the phase and injection locking of oscillator can also be found in [22] , yielding a locking range expression different from (5) because of adding a feedback loop in the oscillator. In the following derivation, this work has an essential difference from [20] and [22] by considering a self-injection signal rather than an independent injection signal, as used in [20] and [22] . When the PLL enters the directly modulated self-injection locking state by inserting the LO output signal into the injection port of the VCO via a self-injection path, the instantaneous phase variation of the feedback interference signal can be considered as a delayed version of the instantaneous LO phase noise and DCT output phase modulation . With the assumptions of low LO phase noise and narrow modulation bandwidth, the equivalent injection-induced source can be approximated as (7) where represents the time delay of the self-injection path.
Based on the above derivations, the phase dynamics with all signals of interest in the PLL under injection can be modeled as shown in Fig. 3 , where denotes the combined gain of the phase frequency detector (PFD) and the charge pump (CP), represents the impulse response of the loop filter; represents the divider modulus; and express the phase modulation and phase of the reference, respectively; and is the output phase error of the PFD. Although such a phase dynamic model does not include the PA gain and self-injection path loss, they both will influence the injection signal amplitude , and thus, the locking range . This work analyzes the DCT pulling effects in a constant envelop modulation system. Therefore, in this work, the power-amplified output signal is treated as a phase-modulated (PM) signal. The instantaneous phase modulation of the PM signal can be extracted by using the vector signal analyzer (VSA). Therefore, we can develop a corresponding frequency-domain model for phase noise analysis of a directly modulated self-injection PLL by taking the Laplace transforms of (2), (6) , and (7), as shown in Fig. 4 .
In Fig. 4 , and represent the PLL forward-and feedback-path transfer function, respectively; denotes the self-injection path delay; and is an equivalent path gain for self-injection that is obtained from the Laplace transform of (6).
, , and denote the phase noise of the reference, oscillator, and LO output, respectively. Additionally, and refer to the Laplace-domain representation of and , respectively, while represents the resulting phase response in the transmitter output. The dual-loop model shown in Fig. 4 is apparently a combination of the PLL and the self-injection-locked loop, while the LO phase noise can be formulated as (8) with (9) (10)
Incorporating the preceding results into (8) leads to the overall LO phase noise as expressed in the following equations: (11) where (12) (13) (14) Note that in (12)- (14), and are the self-injection-locked loop transfer functions and are given as (15) (16) where is the aforementioned equivalent path gain in the self-injection locked loop. Equation (11) indicates that the LO phase noise is broken down into its three major noise components, i.e., the reference, oscillator, and PM injection. The noise transfer functions (12)- (14) are obviously in an interaction of the PLL transfer functions , , and the self-injection-locked loop transfer functions and . Overall, , , and shows a property of low-pass, high-pass, and bandpass filtering with respect to , , and , respectively. With knowledge of the spectral power density for individual noise components, the overall LO phase noise power spectral density can be calculated by (17) where , , and is the power spectral density of , , and , respectively. Degradation of the modulation accuracy in a transmitter can be estimated by evaluating the distortion of the transmitter output signal spectrum. It can be found from Fig. 4 that is equivalent to . Thus, obviously is the cause of the distortion. Notably, the frequency-domain model presented in [20] can also predict the similar filtering characteristics of the noise transfer functions. However, the model in [20] is based on an independent modulated injection. In contrast, the model shown in Fig. 4 considers a modulated self-injection to include the dependence of system noise on the self-injection path delay . With such a consideration, the proposed model in this work can predict the DCT pulling effects more accurately.
A. EVM Analysis
As discussed earlier, the power-amplified interference is simplified as a PM self-injection signal. Therefore, the interference's PM-to-PM influence dominates the deterioration of the transmitted signal quality. Based on the predicted phase noise power spectral density using (17) , degradation the EVM can be estimated by referring to [23] and [24] . By integrating over a specific frequency span from to . The root mean square (rms) phase error can be found as (18) where represents the voltage noise in relation to the carrier, which has a zero mean value. Additionally, denotes the standard deviation of the relative noise voltage. By definition, the rms phase error and EVM can thus be calculated as
According to our analysis, the phase noise at the offset frequency close to the PM injection bandwidth more significantly impacts the EVM performance than at the other offset frequencies. Therefore, this observation inspires us to develop the following approaches.
B. PLL Parameters Impact
The experiment implements an -band direct conversion transmitter to verify the correctness of our theoretical analysis. The proposed transmitter mainly includes an LO, IQ modulator, and PA. In the experiments, the LO is locked at 2.5 GHz, delivering an oscillation power of 0 dBm. This experiment is performed in Gaussian minimum-shift keying (GMSK) modulation with a 270.833-kb/s data rate, which is normally adopted in global system for mobile communication (GSM) systems. The baseband I and Q component signals are provided by an Agilent E4438C vector signal generator. Fig. 5 illustrates the experimental setup for testing the transmitter pulling effects, indicating that the power-amplified output GMSK modulation signal is fed back to the VCO via a splitter, delay line, attenuator, and circulator to act as a modulated outer self-injection signal into the LO. The transmitter output is connected to the spectrum and VSA with the assistance of a coupler for simultaneously measuring the output spectrum and EVM. It is noted that the attenuator attenuation is controllable to adjust the injection power level. Additionally the self-injection signal is isolated from the LO output signal by using the circulator. By referring to (11) and (14) , the influence of PM injection noise on LO phase noise is dependent on the PLL transfer functions. Therefore, an attempt is made to change the PLL parameters for reducing the impact of PM injection noise. In strategy, the magnitude of the PM injection noise transfer function can be diminished as much as possible to ensure the optimal transmitted signal quality. The following introduces the measured and calculated results of an LO influenced by various interference conditions and PLL parameters. Fig. 6 (a) and (b) displays the magnitude response of noise transfer functions , , and by using (12)- (14) at a modulated outer self-injection power of 45 dBm and an outer self-injection path delay of 12.5 ns. In these figures, the dotted lines in blue (in online version), broken lines in red (in online version), and solid lines in black express the responses with PLL phase margin equal to 37 , 67 , and 85 , respectively. According to these figures, the magnitude of the dominant transfer function near symbol rate frequency offset decreases with an increasing PLL phase margin. This finding implies that higher phase margin is more resistant to the pulling effects. Fig. 6(c) -(e) summarizes the measurement and calculation results of the LO phase noise and EVM degradation under various PLL phase margins. Comparing these results reveals an excellent correlation. Consider the stability performance of the overall system, the phase margin is often chosen between 30 and 50 , while a higher PLL phase margin leads to more reduction of the peak phase noise response at the expense of increasing the locking time. However, if the LO suffers from pulling effects to cause significant deterioration in transmitted signal quality, the typically chosen PLL phase margins have to be increased to achieve the best resistance to the pulling effects. Fig. 7 (a) and (b) shows the magnitude response of noise transfer functions , , and as the modulated outer self-injection power equals to 45 dBm and the outer self-injection path delay is 12.5 ns, while the dotted lines in blue (in online version), broken lines in red (in online version), and solid lines in black express the responses with PLL bandwidth equal to 50, 100, and 200 kHz, respectively. According to the above results, the magnitude of the dominant transfer function decreases with an increasing PLL bandwidth at the frequency offset of concern, indicating that the impact of the PM injection noise becomes suppressed with a wider PLL bandwidth. Fig. 7(c) -(e) shows the measurement and calculation results of the LO phase noise and EVM degradation under different PLL bandwidths. An excellent correlation can be obtained from these figures. Consider the stability performance of the overall system, the PLL bandwidth is typically chosen to be 5%-10% of the reference signal frequency. Additionally, designers often select the PLL bandwidth at the intersection offset frequency of the reference and VCO phase noise curves to ensure the optimum performance of phase noise. However, if the LO is significantly disturbed by the PA interference, the typically chosen PLL bandwidths have to be increased to ensure the optimal pulling effects resistance.
IV. IMPROVEMENT APPROACH
A few studies [25] [26] [27] [28] have recently developed a self-injection approach to stabilize and reduce the phase noise for microwave oscillators. For instance, Chang [25] explained the phase-noise reduction as an intuitive result of the oscillator synchronization to serve as a re-inject stabilized signal. In other words, the self-injection mechanism can provide a correction signal to readjust oscillating condition. Importantly, the oscillator phase fluctuation can be reduced as long as satisfying the stable constraints of self-injection-locking. Of particular interest here is the dependency of the oscillator phase noise reduction extent upon different self-injection conditions. This characteristic will be exploited in the proposed approach to achieve substantial reduction in pulling effects, including LO phase noise degradation, spectral regrowth, and EVM degradation. Fig. 8 depicts the experimental setup, which is used to demonstrate the improvement in LO phase noise and transmitted signal quality performance by applying an inner self-injection locked loop. In this figure, the difference from Fig. 5 is only that part of LO signal disturbed by PA output modulation signal is feedback to the VCO as part of injection signal to establish the inner self-injection locked loop. In this loop, a delay line, phase shifter, and variable controllable amplifier (VGA) are used to adjust the delay time, injection angle, and injection power to ensure the maximum amount of the transmitted signal quality improvement.
A. Inner Self-Injection Locked Loop
The dual self-injection PLL model for the experimental setup in Fig. 8 is shown in Fig. 9 , while the inner self-injection locked loop is the proposed improved mechanism as the outer one is preserved to imitate the pulling phenomenon. In this figure, , , and represent the equivalent path gain, delay time, and injection angle, respectively, of the inner self-injection locked loop, while the other parameters are used to describe the PLL and the modulated outer self-injection locked loop. The overall phase noise can be rewritten as a combination of the PLL and two self-injection locked loops (21) Fig. 9 . Frequency-domain model for analyzing phase noise and modulation accuracy of a dual self-injection PLL.
where (22) (23) (24) Note that in (22)- (24), is the inner self-injectionlocked loop transfer function and is given as (25) 
B. Applicable Parameters
This section characterizes how to adjust the inner self-injection locked parameters to compensate for the LO pulling effects. With the assistance of the proposed dual self-injection PLL model, the forecasted phase noise and EVMs results are compared with measurement results to account for the improved performance of the inner self-injection approach. Fig. 10 (a) and (b) plots the calculated magnitude response of the noise transfer functions , , and as the modulated outer self-injection power equals to 45 dBm. In these figures, the dotted lines in blue (in online version), broken lines in red (in online version), and solid lines in black express the responses with constant inner self-injection path delay of 20 ns and an injection angle of 180 . However, they are applied with various inner self-injection powers, which are equal to 20, 10, and 3, respectively. According to the above results, the magnitude of the dominant noise transfer function within the PLL bandwidth goes lower as the inner self-injection power increases, indicating that the impact of the PM injection noise is diminished with an increasing inner self-injection power. Fig. 10(c) -(e) summarizes the measurement and calculation results of LO phase noise and EVM degradation under different inner self-injection powers. According to these figures, theoretical and experimental results coincide with each other up to a modulated outer self-injection power level of 45 dBm. Under identical LO pulling conditions, higher inner self-injection power implies a greater improvement of transmitted signal quality.
Notably, the applied GMSK signal is of narrow bandwidth so that the resulting angle in Adler's analysis is rather small. After inspection, the small-signal condition shown as still holds when the injection power increases up to 3 dBm. Therefore, the nonlinear effects are ignored for this case. Fig. 11 (a) and (b) plots the calculated magnitude response of the noise transfer functions , , and as the modulated outer self-injection power equals to 45 dBm. In these figures, the dotted lines in blue (in online version), broken lines in red (in online version), and solid lines in black express the responses with constant inner self-injection power of 3 dBm and path delay of 20 ns, but with different inner self-injection angles which are equal to 0 , 100 , and 180 , respectively. Fig. 11(c)-(e) illustrates the measurement and calculation results of LO phase noise and transmitted signal EVM degradation under different inner self-injection angles. An excellent correlation can be obtained from these figures, revealing that the different angles correspond to different phase noise improved areas. A situation in which the inner self-injection angle is approximated from 90 to 180 helps to diminish in-band phase noise, but slightly deteriorates the out-band phase noise, and, vice versa, with the angle approximately less than 90 . This tradeoff depends on the specification requirement of a realistic communication system. The optimum value for can be found by solving for the derivative of the PM injection noise transfer function shown in (24) equal to zero. This yields for the minimum transfer function magnitude. Fig. 12(c)-(e) . According to these figures, the LO phase noise and transmitter EVM are effectively improved with an increasing path delay. However, there are losses in actual delay lines, making it unlikely to achieve an arbitrary long delay without decaying injection power. It is noted that the inner self-injection approach on phase-noise reduction will not take into effects as the injection power decreases seriously.
Notably, the analyses in [25] and [27] consider the carrier phase delay via the self-injection path and find that the phase noise improvement is not monotonically increasing with the path delay. With different treatment, this work includes the carrier phase delay as part of the self-injection angle and evaluates the dependence of LO phase noise and transmitter EVM on the path delay at , the optimum angle for minimizing the effect of PM injection noise. Under this optimum condition, this work theoretically and experimentally evidences that a longer path delay leads to a lower LO phase noise and transmitter EVM.
C. Optimal Design Strategy
The above theoretical analysis allows us to optimize the PLL parameters in order to alleviate the pulling effects. Moreover, an inner self-injection locked loop is introduced to enhance the transmitted signal quality. Based on the measurement results, we recommend that designers select a larger PLL bandwidth and phase margin together with applying the inner self-injection approach simultaneously for achieving the optimal pulling-effect resistance. Notably, the above hypothesis is made by assuming that altering these parameters does not affect the system stability. Fig. 13 compares the performance of EVM with different proposed improved method combinations. In this figure, the dotted line in blue (in online version), broken line in red (in online version), and solid line in black represent the improved results by only adjusting the PLL parameters, by only applying the inner self-injection approach, and by performing above two approaches simultaneously, respectively. Additionally, the solid line in green (in online version) expresses the EVM results without applying any improvement procedure, and the solid line in gray depicts the EVM minimum specification requirement for GSM [29] . The measurement results correlate well with the theoretical analyzing ones. Furthermore, the EVMs are significantly improved by a maximum value of around 30% as the modulated outer self-injection power equals to 45 dBm.
D. ACPR Performance
As mentioned in Section I, an LO is easily disturbed by the PA output modulation signal, subsequently inducing pulling effects to contaminate the spectral purity, and ultimately to degrade the transmitted signal quality. Fig. 14 displays how the pulling effects influence on transmitted output spectral regrowth at a modulated outer self-injection power of 45 dBm, while the dotted line in blue (in online version), broken line in red (in online version), and solid line in black represent the pulled, improved pulled, and unpulled spectrum, respectively. Comparison shows that severe spectral regrowth occurs in the pulled spectrum, but the phenomenon is significantly reduced by the proposed optimal design methodology, as can be seen in the improved pulled spectrum. Table I summarizes the comparison of the adjacent channel power ratio (ACPR) results. It shows that the proposed approach improves ACPR by 2.5 and 12 dB at the frequency offset of 100 and 200 kHz, respectively, but degrades the ACPR at a higher frequency offset. This is because the proposed approach mainly suppresses the in-band noise, but at a cost of slightly increasing the out-band noise.
V. CONCLUSION
By thoroughly elucidating how LO pulling affects a DCT that uses the GMSK modulation, this work presents a dual-loop phase dynamic model based on a directly modulated self-injection PLL to account for and predict the degradation of phase noise and signal quality due to the pulling effects. The calculation and measurement results correlate well with each other. A novel innovation is proposed to optimize the PLL parameters and introduce the inner self-injection locked loop to mitigate the pulling effects. With the assistance of both approaches, the EVM of the transmitter was effectively limited to 3%-5% up to a modulation injection power level of 45 dBm. Consequently, the directly modulated self-injection PLL analysis provides an effective means of characterizing the DCT pulling phenomenon. Moreover, the pulling effects can be successfully suppressed by executing the suggested optimal design strategy.
